Introduction
Ostrovityanova, Moscow, 117513, Russia, 1 Italian National Cancer Institute, G.Pascale Foundation, via M.Semmola, I-80131 Naples, Italy, 2 Department In order to maintain cellular functions, antioxidant enzymes 4 To whom correspondence should be addressed (1, 2) . On the other hand, all chemicals which can either Email: gbpagano@tin.it metabolically generate reactive oxygen species (ROS) or The effects and mechanisms of action of diepoxybutane modify intracellular thiols may cause a depletion of reduced (DEB) and mitomycin C (MMC) were investigated on glutathione (GSH) and/or an impairment of redox balance in sea urchin embryogenesis, (Sphaerechinus granularis and favour of a prooxidant state (3) (4) (5) .
Paracentrotus lividus). DEB-and MMC-induced toxicity
Diepoxybutane (DEB) is one of the key metabolites of a was evaluated by means of selected end-points, including genotoxic carcinogen, 1,3-butadiene (6, 7) , which is known to developmental defects, cytogenetic abnormalities and exert both cytogenetic and cytotoxic effects in mammalian alterations in the redox status [oxygen-dependent toxicity, cells (8-10). The main genotoxic metabolite in butadiene Mn-superoxide dismutase (MnSOD) and catalase activities carcinogenicity was shown to be mediated by DEB, which and glutathione (GSH) levels]. Both DEB and MMC exhibderives from butadiene bioactivation by cytochrome P450 ited developmental toxicity (at concentrations ranging from monoxygenase (7) . The reproductive toxicity of 1,3-butadiene 3 ⍥ 10 -5 to 3 ⍥ 10 -4 M and 3 ⍥ 10 -6 to 3 ⍥ 10 -5 M, is also thought to be mainly caused by DEB (9) . Little is respectively) expressed as larval abnormalities, developknown so far about the molecular mechanisms in DEB toxicity. mental arrest and mortality. The developmental effects of Some studies of DEB toxicity in Fanconi's anaemia cells and both compounds were significantly affected by oxygen at human lung epithelial cells have focused on DEB-induced levels ranging from 5 to 40%. These results confirmed cross-linking effects (11) (12) (13) , as well as DEB-adenine adduct previous evidence for oxygen-dependent MMC toxicity and formation in calf thymus DNA (14) . Other findings have are the first report of oxygen dependence for DEB toxicity.
shown that DEB-induced toxicity may be modulated by DEB Both DEB and MMC exerted significant cytogenetic abnorinteraction with GSH (8-10). It was shown that DEB was malities, including mitotoxicity and mitotic aberrations, enzymatically conjugated to GSH by glutathione S-transferases, but with different trends between the two chemicals, at the thus GSH depletion led to a substantial increase in DEBsame concentrations as exerted developmental toxicity. The induced toxicity to mouse germ cells (9) , suggesting that formation of reactive oxygen species was evaluated using:
GSH-DEB conjugation is the main metabolic pathway in DEB (i) luminol-dependent chemiluminescence (LDCL); (ii) detoxification. Thus, expression of the glutathione S-transferase reactions of the main antioxidant systems, such as GSH T1 gene (GSST1) has been related to resistance to DEB content and MnSOD and catalase activities. The results toxicity (10,15). point to clear-cut differences in the effects induced by DEB The anticancer antibiotic mitomycin C (MMC), similarly to and MMC. Thus, DEB suppressed GSH content within a variety of quinones, possesses DNA damaging properties the concentration range 10 -7 -3 ⍥ 10 -5 M. The activity of due to its well-documented prooxidant action (16-18). Its catalase was stimulated at lower DEB levels (10 -7 -10 -6 M)
bioactivation is effected by a number of enzymes, including and then decreased at higher DEB concentrations (ജ10 - 5 NADPH-cytochrome P450 reductase, mitochondrial NADH-M). Increasing MMC concentrations induced LDCL and dehydrogenase, phagocyte NADPH-oxidase, DT-diaphorase MnSOD activity (ജ10 -6 M) greatly and modulated catalase and xanthine oxidase (19) (20) (21) (22) (23) (24) . Thus, MMC can be reversibly activity (10 -7 -10 -6 M). GSH levels were unaffected by reduced and oxidized through a one-electron reduction reaction, resulting in the formation of semiquinones and superoxide; the MMC. The results suggest that oxidative stress contributes latter dismutates giving rise to hydrogen peroxide, ultimately producing hydroxyl radicals (5, 17, 21 toxicants, drugs and complex mixtures, providing a multiple previously (29) . Briefly, 100 µl of embryo suspension was added to a set of toxicological end-points, encompassing developmental, The results corroborated previous evidence for redoxacetic acid (10% solution, 2:1 v/v) and centrifugation at 3000 g for 10 min.
mediated superoxide-dependent mechanisms in MMC toxicity
The samples for enzyme analysis were mixed with ethanol and chloroform (16-18,23,24) and pointed to a direct involvement of oxygen in DEB toxicity, which results in a number of effects, including GSH depletion and induction of catalase.
Enzyme and GSH determination
Total glutathione [GSH ϩ oxidized glutathione (GSSG)] was measured as described previously (30). Then, 10-15 µl aliquots of the samples were
Materials and methods
incubated with 1 ml of 0.2 M phosphate-buffered saline (pH 7.5) containing Reagents 6 mM 5,5Ј-dithio-bis-2-nitrobenzoic acid, 0.2 mM NADPH and 1 U/ml glutathione reductase for 30 min at 37°C and the absorbance at 412 nm was All reagents, media and enzymes were purchased from Sigma-Aldrich Co.
measured. Standard GSH samples prepared in 10% trichloroacetic acid were (St Louis, MO and Milwaukee, WI) of the purest grade available. measured simultaneously. The lower limit of GSH ϩ GSSG detection by this Sea urchin bioassays method was reported to be 1-10 ng/ml assay mixture.
Adult urchins of the species Sphaerechinus granularis and Paracentrotus
The MnSOD activity was determined by measuring the suppression of lividus were collected from Naples Bay by the staff of the Zoological Station.
superoxide-mediated lucigenin-amplified chemiluminescence produced during Gametes were obtained and embryos were reared as reported previously (26).
xanthine oxidation by xanthine oxidase in the presence of 1 mM NaCN (31-The control embryos were reared either in natural filtered seawater (FSW, 33). The catalase activity was determined by the Aebi method (34). The enzyme blank) or in FSW containing 2.5ϫ10 -4 M CdCl 2 as a positive control (25).
activity and GSH content were determined using appropriate calibration curves. Exposure of embryos to DEB or MMC in FSW was carried out from the The levels of MnSOD and catalase were expressed in ng and µg/mg protein, zygote stage (10 min after fertilization) up to the pluteus larval stage (72 h respectively, and GSH content in µmol/mg protein. The protein content in the after fertilization). For the sperm pretreatment schedule, 50 µl sperm aliquots ethanol-chloroform extract was determined by the Lowry method (35) using were suspended in 50 ml of FSW and exposed to the test agents for 120 min.
protein kits. Thereafter, 50 µl of sperm suspension was used to inseminate untreated eggs Statistical analyses in 10 ml wells. Cultures were run in 6-well, 10 ml culture plates and incubated Differences in the distributions of actual frequencies observed for each larval at 18 Ϯ 1°C. Each experiment was replicated at least six times. Cultures were class (N, R, P1, P2 and D) between controls and experimental groups or analysed microscopically for larval survival and morphology on living plutei, among experimental groups were tested for significance by the G procedure which were first immobilized by adding chromium sulphate (final concentration (adapted from the log-likelihood ratio test) for 2ϫk contingency tables (36). 10 -4 M). In each culture, 100 plutei were scored for the determination of: (i) Differences among the data concerning a single class of developmental normal larvae (N); (ii) retarded larvae (R); (iii) malformed larvae (P1); (iv) defects induced by different concentrations of a given agent were tested for embryos/larvae unable to achieve the pluteus stage (P2); (v) dead embryos/ significance using the Tukey multiple comparison test (36) . Significance level larvae (D). The results are expressed as percentages. The end-points of the was always set at α ϭ 0.05. sperm pretreatment schedules were: (i) fertilization rate (per cent fertilized eggs), demonstrating any spermiotoxic action; (ii) offspring quality, scored as described above for embryo exposure, demonstrating any transmissible damage Results from exposed sperm cells to embryos.
Oxygen treatment schedule DEB-and MMC-associated developmental toxicity
Gas mixtures containing nitrogen and various concentrations (5, 20 or 40%) Both agents exerted dose-related developmental toxicity of oxygen were bubbled through FSW 1 h prior to addition of the embryos, towards sea urchin embryos. As shown in Figure 1A , 3ϫ10 -5 with or without test chemicals at the following concentrations: (i) 10 -4 M M DEB significantly increased pre-pluteus arrest (P2 ϭ 16.5 DEB; (ii) 5ϫ10 -6 M MMC. The fertilized eggs were incubated throughout Ϯ 3.6%) and larval malformations (P1 ϭ 19.3 Ϯ 4.8%) in embryogenesis in FSW containing the same oxygen levels at normal pressure and a temperature of 18 Ϯ 1°C. After a 72 h incubation the embryos were S.granularis but did not affect embryogenesis in P.lividus. The examined for developmental defects as described above.
frequency of developmental defects in both sea urchin species Spontaneous and phorbol 12-myristate 13-acetate (PMA)-stimulated release of ROS from embryos at the gastrula stage was performed as described No significant changes in the frequency of MMC-induced defects were observed between 5 and 20% O 2 , yet they were significantly increased (P Ͻ 0.006) up to~80% of embryonic malformations at 40% O 2 . As observed in Figure 3 , neither hypoxic nor hyperoxic conditions in control cultures had any significant effects on the normal development of sea urchin embryos as compared with normoxic conditions.
DEB-and MMC-induced cytogenetic defects
The evaluation of quantitative cytogenetic parameters in P.lividus embryos showed a strong dose-related mitotoxic action of DEB (at levels ranging from 3ϫ10 -5 to 5ϫ10 -4 M), causing a significant decrease (P Ͻ 0.0001) in the mean MPE; concurrently, the frequency of IE, i.e. lacking active mitoses, was steadily increased by DEB, as shown in Table I . Unlike DEB, MMC resulted in a transient mitogenic effect at 5ϫ10 -6 M (P Ͻ 0.005), whereas higher concentrations, up to 5ϫ10 -5 MMC, caused only a minor, non-significant decrease in MPE, and no changes in IE. The M/A was in no case significantly changed by either DEB or MMC.
Analysis of mitotic aberrations showed two distinct doserelated patterns for DEB versus MMC. Increasing DEB levels, up to 5ϫ10 -4 M, revealed a shift from anaphase aberrations (bridges and lagging chromosomes), observed at the lower DEB levels, to the more severe pattern of scattered chromosomes, which were significantly increased as a function of DEB concentration, along with the occurrence of mitotoxic effects. The frequency of TMA followed a non-monotonic trend, the maximum being reached at 3ϫ10 -4 M DEB. E(Abϩ) was steadily increased by DEB. MMC failed to show any 
DEB and MMC effects on ROS production and antioxidant systems
The intensity of ROS production by sea urchin embryos, measured as HRP-enhanced LDCL, was sensitive to the two chemicals tested by different modes of action. It was shown that DEB co-incubated with S.granularis embryos slightly (5-10%) increased the LDCL response to PMA at DEB concentrations ranging from 10 -7 to 10 -5 M (Figure 4) . Likewise, DEB affected LDCL in P.lividus, however, the range of activating concentrations was shifted to the higher DEB levels (up to 3ϫ10 -5 M; data not shown). On the other hand, MMC induced a sharp concentration-dependent increase in LDCL (Figure 4) . The inducing effect of MMC was higher in the latest stages of embryogenesis (gastrula/pluteus stage) than in early embryogenesis (morula/blastula stage; data not shown).
DEB in the concentration range 10 -7 -10 -6 M significantly increased catalase activity, which was then inhibited at higher concentrations (Ͼ10 -5 M) ( Figure 5 ). With a similar trend, 10 -7 M MMC slightly increased catalase activity, with a subsequent inhibition at higher concentrations ( Figure 5) .
The analyses of MnSOD activity in both S.granularis and P.lividus embryos showed that exposure to DEB did not affect the enzyme activity in the concentration range 10 -7 -3ϫ10 -5 M (data not shown). In contrast, MMC resulted in a sharp dose-related enhancement of MnSOD activity ( Figure 6 ).
As shown in Figure 7 , GSH levels dropped in S.granularis embryos exposed to DEB in a dose-dependent manner; a less inhibitory effect was observed in P.lividus (data not shown). MMC (3ϫ10 -5 M) only induced non-significant deviations around normal GSH levels (data not shown).
Discussion
a consistent body of literature points to a redox imbalance as a major event involved in MMC toxicity, through quinone The occurrence of ROS-mediated mechanisms in DEB-and reduction coupled with ROS formation (16-18,23,24,39-41).
MMC-induced toxicity has been investigated in sea urchin
Together, these studies showed that: (i) MMC-induced toxicity embryogenesis, by comparing developmental and cytogenetic was dependent on O 2 levels, consistent with the occurrence of abnormalities with changes in the state of oxidative stress induced by each of the toxins. The two agents are often referred to as 'cross-linkers' due to their recognized ability to form covalent bonds with DNA (12, 13, 37, 38) . Nevertheless, Fig. 3 . Oxygen-dependent developmental toxicity in P.lividus larvae reared in either DEB (10 -4 M) or MMC (3ϫ10 -6 M). Statistical analysis for the Fig. 4 . Horseradish peroxidase-amplified LDCL in S.granularis gastrulae exposed to either DEB (m) or MMC (j). Data are expressed as per cent of observed differences by the Tukey test gave P ϭ 0.002 for DEB and P ϭ 0.02 for MMC. In the control series, no significant differences were control value, which was 230 mV/10 3 embryos. The same dose-related trends were observed in both S.granularis embryos at other developmental observed (P Ͼ 0.32). Regression analysis with replicates gave P ϭ 0.0006 for DEB and P ϭ 0.006 for MMC. Data are from two experiments for a stages and in P.lividus embryos (data not shown). This also applied to data reported in Figures 5-7 . total of 10 replicate lots. a redox cycling mechanism, not to DNA cross-linking (18); (ii) MMC toxicity was removed by antioxidant enzymes (23,24,41,43), low molecular weight antioxidants (43), hypoxia (18) and overexpression of the thioredoxin gene (44). DEB toxicity is also associated with oxidative stress, although through different mechanisms. First, the epoxide structure of DEB implies redox-mediated catalysis in the rearrangement of oxygen bonds (45) . Similarly to MMC, DEB-induced cytogenetic damage is both decreased by low molecular weight antioxidants and by overexpression of the thioredoxin gene (44,46). A major role in modulating DEB toxicity has recently been reported for GSH. Thus, DEBinduced testicular toxicity in mice was enhanced by preliminary GSH depletion (9) and an increase in DEB-induced micronuclei was observed in GSST1-null mutant cells (defective in the glutathione S-transferase T1 gene) (10). On the other hand, expression of GSST1 in erythrocytes was shown to be a protective factor against DEB toxicity (15) . Unlike MMC, however, no data were available as to any dependence on oxygen levels nor about any ad hoc study of DEB effects on cellular GSH level and catalase induction.
This background made it worthwhile to investigate DEB and MMC for their effects in the sea urchin bioassay system, with a major focus on: (i) oxygen-modulated toxicity; (ii) ROS formation; (iii) catalase and MnSOD activities; (iv) GSH levels.
Among the embryological and cytogenetic effects of DEB, the data showed: (i) a dose-related shift from developmental mortality at DEB levels ജ10 -4 M; (ii) a highly significant Fig. 6 . MnSOD activity in S.granularis gastrulae exposed to MMC. Fig. 7 . GSH levels in S.granularis plutei exposed to DEB.
correlation of DEB-induced developmental toxicity and O 2 Q -· ϩ O 2 →Q ϩ O 2 -· levels; (iii) the occurrence of a severe dose-related mitotoxic Where, Q, Q -· and QH are the MMC quinone, semiquinone effect; (iv) a grading in morphological abnormalities from and hydroquinone forms. anaphase aberrations to prevailing scattered chromosome Then, due to either enzymatic or spontaneous superoxide figures concurrent with mitotoxic DEB levels. dismutation, additional hydrogen peroxide is formed: The results of the redox activity markers showed that DEB (10 -7 -3ϫ10 -5 M) modulated catalase activity and led to 2O 2 -· ϩ 4H ϩ →2H 2 O 2 substantial suppression of GSH levels (Figures 5 and 7) . These data reflect a substantial inhibition of redox metabolic systems This flux of H 2 O 2 is responsible for the dose-related MMCas part of a general effect on embryonic metabolism by induced increase in HRP-amplified LDCL, for which H 2 O 2 is embryotoxic DEB levels. A very intriguing fact is that before a substrate, as well as for the slight transient reaction involving any visible developmental and/or cytogenetic abnormalities catalase. The primary step of O 2 -· formation might be responsappear, subtoxic DEB levels, such as 10 -6 M, induced an ible for the adaptive increase in the activity of inducible adaptive response in the main cellular antioxidant systems, MnSOD. The marginal increase in superoxide levels in embryos such as catalase activity. Collectively, these findings support might cause the observed transient MMC-related increase in the involvement of oxidative stress in DEB toxicity, mainly mitotic activity (5) . No significant decrease in GSH was by affecting the hydrogen peroxide balance through catalase induced by MMC, unlike DEB, which resulted in a substantial and GSH (or rather ovothiols for sea urchin embryos), both depletion of embryonic GSH. being involved (enzymatically or non-enzymatically) in H 2 O 2 Altogether, the redox balance in sea urchin embryos was detoxification. The possible scheme of DEB-induced oxidative affected by both agents, but by entirely different metabolic stress in sea urchin embryos is as follows.
pathways. Normal embryogenesis:
It is noteworthy that sea urchin sperm (from both species) hydrogen peroxide formation (47) were affected by neither DEB nor by MMC, even at concentrations causing acute effects on embryos (e.g. 100% mortality).
The lack of effects on sperm included both fertilization success and offspring quality. Thus, one could infer that both DEB detoxification (47, 48) and MMC were unable to exert any direct effect on either H 2 O 2 ϩ 2GSH (or ovothiols)→GSSG ϩ H 2 O (ovoperoxidase) sperm cell membranes or DNA, but required preliminary enzymatic bioactivation. Ovoperoxidase and glutathione DEB toxicity:
S-transferase, which are present in the embryos but not in DEB detoxification by conjugation (1, 10) sperm cells, seem to be good candidates for bioactivation of the two toxins (47, 48) . DEB ϩ GSH→DEB-GSH (glutathione S-transferase)
It should be noted that both DEB and MMC are utilized in Excess H 2 O 2 →HRP-amplified LDCL elevation→catalase induction diagnosing Fanconi's anaemia, as they act as specific clastogens in Fanconi's anaemia cells at concentrations which are ineffectBoth morphological and biochemical effects were induced ive in non-Fanconi's anaemia cells. It is debatable whether the by MMC with patterns which differed substantially from DEBprimary defects in the different Fanconi's anaemia genetic induced effects. Developmental defects were induced in both subtypes are mainly related to alterations in DNA repair, cell S.granularis and P.lividus embryos reared at MMC levels cycle control or redox balance (37,38,49-54). Previous reports ranging from 3ϫ10 -6 to 3ϫ10 -5 M, the latter concentration provided consistent evidence for a major role of oxidative resulting in 100% developmental arrest (P2). Oxygen-dependstress in Fanconi's anaemia phenotype (42-44,46,55-60), as ent toxicity was also exerted by MMC, however, with a less reviewed by Pagano et al. (53) . A recent paper by Mian and sharp correlation than observed for DEB, in that 5 and 20%
Moser (61) reported a peroxidase domain in the protein O 2 displayed superimposable patterns and a significant increase encoded by the Fanconi's anaemia group A gene. Moreover, in larval abnormalities was only observed when O 2 levels were our unpublished data demonstrated a number of alterations in raised to 40%. Cytogenetic analysis of MMC-exposed embryos redox balance consistent with GSH-modulated DEB-induced showed a bell curve for mitotic activity; an increased number toxicity. The present study of DEB and MMC mechanisms of of MPE was observed in the lower MMC level range action corroborates the theory associating Fanconi's anaemia (5ϫ10 -6 -10 -5 M), along with a 4-fold, yet non-significant, defects with a redox state imbalance. increase in anaphase aberrations. Unlike DEB, no change was
In conclusion, the present study provides evidence for the detected in the frequency of scattered chromosomes.
involvement of redox mechanisms in DEB-and MMC-induced The effects of MMC on the markers of redox activity developmental and cytogenetic abnormalities in sea urchin followed dose-response trends that were mostly different embryos. In particular, the results confirm previous data compared with DEB. Unlike for DEB, MMC induced a dosepointing to a redox cycling mechanism in MMC embryotoxicity dependent increase in LDCL, up to 3-fold the control values.
and provide novel evidence for the relevance of oxygen-and A similar trend was found for MnSOD: while DEB did not GSH-modulated DEB toxicity. influence this enzyme activity, MMC induced it in a dosedependent manner. This seems to be a consequence of Acknowledgements embryonic superoxide overproduction due to redox cycling of MMC, first reduced to the semiquinone form by some as yet 
